The aim of this review is to outline the recent advances in chitosan molecular modeling, especially its usage as a prodrug or drug in a field of antibacterial, anticarcinogenic and antioxidant activity.
INTRODUCTION
Polymeric materials like peptides, polysaccharides and other natural products have recently attracted attention as biodegradabile drug carriers. They can optimize clinical drug application, minimize the undesirable drug properties and improve drug efficiency. They are used for the slow release of effective components as depot forms, to improve membrane permeability, solubility and sitespecific targeting.
Chitosan, (poly-D-glucosamine), is a natural polymer derived from chitin, the second most abundant polysaccharide after cellulose. Chitosan is produced by alkaline deacetylation of chitin, by treating with 50% hydroxide for several hours or by enzyme hydrolysis of N-deacetylase (EC3.5.1.41) [1] (Fig. 1) . Degree of deacetylation of commercially prepared chitosan is usually in the range between 60-100%. In nature chitosan exists only in a small amount in several kinds of mushrooms i.e. aspergillus and mucor [2] . Chitosan exhibits excellent biological properties; it is non-toxic, biocompatible and biodegradabile [3] [4] [5] . For its exceptional features chitosan has received interest in various fields including antimicrobials, biomedical materials, cosmetics, food additives, separators, sewage disposal and agricultural material. Chitosan is used also as a dietary supplement to reduce and cut down weight. It binds itself to fats and cholesterol, and leads them away from the digestive tract before they are processed [6] . As fibrous material it improves activity of colon reduces the feeling of hunger and therefore is used for emaciation. Sometimes it gets higher affectivity that was not scientifically proved.
CHITOSAN STRUCTURE AND CRYSTAL FORMS
Chitosan, chemically poly[(1 4)--2-amino-2-deoxy-D-glukosane] is N-deacetylated derivative of chitin. In comparison with chitin it has better chemical and biochemical reactivity. It is composed from glukosamine units with free amino group on the second carbon. Its pK a is 6.3-7 [7] , and saltform it has cationic character. The amino group, which is rare in polysaccharides, can be used as the reactive site. Natural cationic polymers are less abundant than anionic; therefore chitosan attracts attention in various fields of use.
Four crystalline polymorphic forms of chitosan have been found by X-ray diffraction measurements, three hydrated and one anhydrous form. The first X-ray fiber pattern of chitosan prepared from lobster tendon chitin by solid state deacetylation was published by Clark and Smith in 1936 [8] . Sixty years later, Okuyama [9] analyzed the pattern of "tendon chitosan". Four chitosan chains and eight water molecules are packed in an orthorhombic unit cell. Each chitosan chain takes an extended two-fold helix, a "zigzag" structure which is stabilized by an O3 -O5 hydrogen bond with gt (gauch-trans) orientation of O6. Chitosan chains are packed together in an antiparallel fashion. The up-chain and lower-chain are bounded by N2-O6 hydrogen bonds to form a sheet structure, see (Fig. 2a, 2b) . Water molecules form the column between the sheets and stabilize the crystal structure. This polymorph is the most abundant and commercially available chitosan has the same crystalline form.
Two other hydrated polymorphs are called Form II and L-2. In the L-2 crystal each chitosan chain takes an extended two-fold helix similar to that in tendon polymorph and is arranged in an antiparallel fashion as well [3] . Form This conformation is called relaxed two-fold helix and the change is an irreversible process [10] (Fig. 3) .
SALTS AND COMPLEXES
Chitosan forms water soluble salts with both inorganic acids (hydrochloric acid, hydroiodic acid, phosphoric acid, phosphorous acid, sulfur acid and the others) and organic acids (formic acid, acetic acid, propionic acid, butyric acid, ascorbic acid and the oth- Fig. (2a) . Tendon chitosan structure projected along the axe a. Filled circles denote nitrogen atoms [9] . Fig. (2b) . Tendon chitosan structure projected along the axe c. Filled circles denote nitrogen atoms [9] . Fig. (3) . Hydrated chitosan Anhydrated chitosan. ers). They are classified into four types depending on the kind of acid used, concentration and temperature at salt preparation [3] , arrow direction show increase or decrease of temperature or concentration ( Table 1) .
For example, chitosan-hydrogen iodide salt crystallizes into both forms I and IIa depending on preparation condition. Type I form was obtained at laboratory temperature. Two polymer chains and four iodide ions are included in a monoclonic unit cell: a = 0.946; b = 0.979; c (fibre axes) = 1.033 nm; = 105.1°. Each chitosan chain takes an extended two-fold helix having fibre axis lengths similar to that of free chitosan. The corner chain is oriented up, while the other chain at the centre of the b axis is oriented down. These two chains are arranged in an antiparallel fashion, and they are linked along the b axis by two N2 -O6 hydrogen bonds to form a zigzag sheet. The iodide ions are on the top of the zigzag structure, they stabilize the salt structure similarly as water molecules by forming hydrogen bonds between N2 and O6. The columns of iodide ions also maintain the structure by electrostatic interactions between N2 and iodide ions [11] (Fig. 4) .
The second crystalline iodide salt form IIa was obtained at low temperature. The crystalline unite cell is a tetragonal system with dimensions of a = b = 1,068; c = 4,077 nm. The molecular conformation is a 4/1 helix. The corner and center chains are arranged in an antiparallel fashion. Two iodide ions are packed between the corner chains, while the two other ions are located between the corner and center chain. One of the intramolecular O3 -O5 hydrogen bonds at glycoside linkage is weakened by interaction with iodide ions, see [12] (Fig. 5a, 5b ). Chitosan has coordination behaviour and easily forms complexes with transition metals. Immersing a tendon chitosan in various metal salt solutions such as cadmium, zinc or cupric ions give X-ray diffraction patterns where the primary amino group is one of the ligands. The conformation pattern of chitosan chain in a solid phase was identical to the tendon form. All crystals were indexed with the orthorhombic unit cell. It is interesting that each metal was coordinated to every second amino group (Fig. 6 ). A single molecule of chitosan has three reactive centres: primary amino group, primary and secondary hydroxyl group. The amino group easily undergoes quarterisation, which leads to better solubility. Primary hydroxyl groups can be frequently substituted by a spacer chain usually carrying an active part of the molecule that is responsible for targeting or increasing water solubility. Secondary hydroxyl group is modificated in order to increase water solubility. The anhydrous crystal does not dissolve in any aqueous acid solution or form complexes with any transition metal ions. However, the anhydrous crystal can be used as inert resin. While storing acetic acid salt of chitosan at room temperature, the crystals change from relaxed two-fold helix into the annealed extended two-fold helix conformation. This phenomenon is called spontaneous water removing by acid. The spontaneous change was observed with infrared spectra and increased the density of the sample [3] .
PHARMACEUTICAL APPLICATIONS OF CHITOSAN
Chitosan has recently attracted more attention due to its significant biological functions such as biodegradability, biocompatibility, bioactivity and low toxicity [13, 14] . These functions are becoming better understood in addition to chitosan´s unique physicochemical properties. Chitosan is also bioactive agent useful in pharmaceutical and biomedical branches [5, 15, 16] . Chitosan could be useful especially as a supporter or carrier for biologically active species with control release of the drug in the target cell or tissue [17, 18] . An optimal result should yield a minimum amount of side effects and prolonged activity.
The polymer can be used as a polymer drug when expressing its own pharmacological activity although the corresponding monomer unit is biologically inactive. The polymer prodrug is a macromolecular compound acting mainly as a drug carrier; it may or may not have biological activity. Polymer prodrug is usually composed of a polymer carrier, bonded via biodegradable covalent linkage with a therapeutic agent. Targeting moiety can be incorporated into the conjugate via a specific spacer arm that can improve physical properties and facilitate drug release in the receptor site.
The use of macromolecular prodrug conjugates of lower molecular weight drugs is aimed at a) improvement of its movement in the body by changing the solubility and molecular size b) retaining the appropriate concentration of a drug by means of slow release from carriers c) site-specific transport to target cells, d) promotion of drug incorporation into cells via endocytosis, e) hybridization or synergism of two types of drugs or a drug with a bioactive polymer carrier. The design of macromolecule drug conjugates must be in correlation with physical properties of conjugate and biochemical properties of the polymer carrier. Macromolecule carriers (their size, electrical charge, hydrophilic/lipophilic balance and specific transmembrane ability) can change pharmacological and immunological activity of drugs and their delivery.
To achieve the active patch macromolecular prodrug can pass after releasing the free drug by a diffusion route or by endocytosis as a polymer conjugate (Fig. 7) . The most ideal is endocytosis, where the whole conjugate is incorporated into the cellular lysosoms where the active moiety is gradually liberated by lysosomal enzymes.
Antibacterial Activity
Chitosan itself possesses antimicrobial activity against many G+, (Staphylococcus aureus, S. epidermis, Bacillus subtilis) Gbacteria, (Pseudomonas aeruginosa, Escherichia coli, Klebsiella pneumoniae, Proteus vulgaris) [19] and fungi at pH < 6. Although the exact mechanism by which chitosan exerts its antimicrobial activity is not fully known, it has been suggested that the positive amino group of glucosamine units interacts with negative charged components in microbial cell membranes, altering their barrier properties, thereby preventing the entry of nutrients or causing the leakage of intracellular contents [20, 21] , which leads to cellule break up [22] [23] [24] . Another reported mechanism involves the penetration of low-molecular-weight chitosan in the cell, binding to deoxyribonucleic acid (DNA), and subsequent inhibition of ribonucleic acid (RNA) and protein synthesis [25] . Chitosan has also been shown to activate several defense processes in plant tissues and it inhibits the production of toxins and microbial growth because of its ability to chelate metal ions [26] . The biological activity of chitosan depends on many factors (its molecular weight, deacetylation degree, chitosan derivatization, and degree of substitution, length and position of a substituent in glucosamine units of chitosan, pH of
chitosan solution) that lead to the extensive study of modifications in an effort to prepare suitable applications and form with improved activity on the target organism.
Fig. (7)
. Arrival routes of drugs toward the active site [3] .
Water solubility and size of molecule play a very important role [27] . In general, the optimal size of an active molecule is 2-200 kDa. Following Table 2 shows minimal inhibition concentrations of various chitosane oligosaccharides and low molecular weight chitosans against various G+ and G-bacterial strains.
Tokura at co-workers [32] have discovered that E. coli activity was inhibited almost completely by the high molecule weight of chitosan (9300), whereas low molecular weight (2200) was inactive. To clarify this remarkable phenomenon FITC-labeled chitosan was used. It was found that high molecular weight chitosan stacked outside the cell to inhibit the permeation of nutrition, and low molecular weight chitosan accumulated inside the cell and was metabolized as nutrition.
Another important factor is pH. Antimicrobial activity of chitosan increases with decreasing pH [29, 33, 34] and this is done by ionization. Positively charged particles generate at pH < 6.5. Non modificated chitosan is insoluble at pH = 7 and antibacterialy inactive [33, 35] , therefore a great attention is directed into the preparation of soluble chitosan salts. Water solubility inreases by quarternisation [19, 36] and hydrophile substitution. For example, preparation of hydroxypropyl chitosan [37] , N-carboxybutylchitosan [38] , carboxymethylchitosan [39, 40] and sulfate chitosan [41, 42] . In addition, branched chitosan with N-acetyl-D-glucosamine and Dglucosamine at the C-6 position exhibited antimicrobial activities [43] .
Amino group quarternisation belongs to the most common chitosan modification. A free amino group was condensed with benzaldehyde (A) and salicylaldehyde (B) to produce a Schiff base (As, Bs), that was then reduced by sodium borohydride (to form An, Bn ) and in the last step quarternised by methyliodide (Aq, Bq ) ( Fig.  8 ). All products were tested for antifungal activity. As shown in (Fig. 9) , the quarternised chitosan derivatives have better activity against C. lagenarium than Schiff bases and N-substituted chitosan derivatives [44] .
A series of methylated chitosaccharide derivatives, possessing various degrees of methylation were synthesised with regard to their antibacterial effect against Staphylococcus aureus. By increasing the reaction time and reaction steps, a higher degree of Nquaternization was achieved. Using a solvent system with 50% water in DMF minimized O-methylation. Chitooligomers and their methylated derivatives were inactive against S. aureus, whereas the chitosan polymer and its derivatives were active. The antibacterial activity measurements show that quaternization is vital for the derivatives to be active at pH 7.2 but has a negative effect on the Minimal inhibitory concentration (MIC) is defined as the lowest concentration of chitosan at which the bacterial growth is completely inhibited.
Fig. (8).
Synthetic pathway for preparation of chitosan derivatives.
Fig. (9). The antifungal activity of chitosan and chitosan derivatives against
Colletotrichum lagenarium (y axis = inhibition index (%)).
activity at pH 5.5. At acidic conditions the protonation of the free-, N-mono-and N,N-dimethylated amino groups is important for antibacterial activity. Surface activity does not contribute to antibacterial activity of these compounds. N,N,N-Trimethylchitosan is one of the most promising chitoderivatives that has a fixed charge on the quaternized amino groups and is therefore soluble in the lower sections of the gastrointestinal tract. Trimethylated chitosan can act as an absorption enhancer at these conditions, whereas chitosan has no activity due to its limited solubility. The methylated derivatives can be produced in a one-step reaction of chitosan with methyl iodide in the presence of sodium hydroxide as a base using N-methyl-2-pyrrolidone as solvent [45] . A quaternized chitosan N,N-diethyl-Nmethylchitosan (DEMC) has received attention as an oral drug delivery vehicle [46] .
Quarternization can be done by the installation of a substituent having an amino group, e.i. chitosan-N-2-hydroxypropyltrimethylammonium chloride synthesis by the reaction of chitosan with glycidyltrimethylammonium chloride (Fig. 11) , that showed biocidal activity on Staphylococcua aureus, Bacillus subtilis, Staphylococcua epidermidis, and Candida albicans [47] . Quaternary ammonium chitosan was also prepared by introduction of a quaternary ammonium group on a dissociative hydroxyl group and amino group. Aminoethyl hydroxyethyl chitosan hydrochloride was prepared by treating hydroxyethyl chitosan with chloroethylamine hydrochloride in sodium hydroxide solution [48] (Fig. 12) . The derivate showed good solubility and inhibition effects against Escherichia coli.
Poly(N-vinylimidazole) is known as a good water soluble antibacterial active polymer [49] . It has been grafted onto chitosan in dilute acetic acid solution via ceric ion initiation. Their combination improved G+ and G-antibacterial activity and protonation of vinylimidazole led to an increase of water solubility [50] .
To increase the numbers of amino groups, guanidinylated chitosan derivatives with different molecular weights have been synthesized by the guanidinylation reaction of chitosan with aminoiminomethanesulfonic acid (Fig. 13) . Compared with chitosan, guanid- When chitosan had been converted into a guanidine derivative, the positive charge density of the derivative increased, which led to the enhanced adsorption of polycation onto the negatively charged cell surface. Guanidinylated chitosan may be easier to associate with the cell surface and show higher antibacterial activity. For this reason, guanidinylated chitosan showed better antibacterial activity than chitosan against Bacillus subtilis, Escherichia coli and Pseudomonas aeruginosa [51] .
A new galactosyl-lysyl-chitosan with high affinity to HepG2 (a liver cancer cell line) was reported. The novel glycoconjugated macromolecules using chitosan was grafted with branched galactose units. The branch-type of galactosylated chitosan was prepared by the introduction of L-lysine spacer arms to chitosan, followed by covalent coupling of lactobionic acid with a lysine spacer to provide chitosan with multivalent galactose units (Fig. 14) . -DGalaktopyranosyl units are important for targeting drug-delivery system into liver cancer cells [52] . These conjugated molecules exposed activity against Escherichia coli and Staphylococcus aureus.
N-substitution by disaccharides was applied to increase solubility and antibacterial activity of chitosan. It was found that antibacterial activity of chitosan derivatives was affected by the degree of substitution (DS) with disaccharide and the kind of disaccharide present in the molecule. Regardless the kind of disaccharides linked to the chitosan molecule, a DS of 30-40%, in general, the exhibited the most pronounced antibacterial activity against E. coli and S. aureus. Cellobiose chitosan derivative DS 30-40% was the most effective against E. coli and maltose chitosan derivative DS 30-40% was found the most active against S. aureus. The derivatives exhibited a higher activity than native chitosan at pH 7.0 [53] .
Further, a series of low molecular weight N-/2(3)-(dodec-2-enyl)succinoyl/-chitosan derivatives were prepared by the reaction of chitosane (4.6 kDa), and 2-(dodec-2-en-1-yl)succinanhydride (Fig. 15) . These long aliphatic chain derivatives with different degrees of N-substitution have shown antimicrobial activity against Escherichia coli, Pseudomonas aureofaciens, Enterobacter agglomerans, Bacillus subtilis, Candida kruisei and Fusarium oxysporum [54] .
The silver ions can significantly enhance the antimicrobial properties of the chitosan fibers. Experimental results showed that when placed in contact with the silver containing chitosan fibers, the reduction in bacteria count was more than 98% [34] . Silver is widely applied in some medical fields for its high antimicrobial activity and low concentration [55] but the complex of chitosan with Ag + is unstable, therefor the complex of thiourea chitosan was prepared by the reaction of chitosan with ammonium thiocyanate in ethanol (Fig. 16) . It is interesting that sulfur atoms were the major electron donors that coordinated to silver ions, not nitrogen or oxygen atoms. Thiourea chitosan-Ag + complex improved the instability of Ag. The complex showed a wide spectrum of effective antimicrobial activities, MIC values were twenty times lower than those of chitosan. The complex had better antibacterial activity than antifungal activity [56] .
The antimicrobial activity of water-soluble chitosan N-betainates [57] was measured against E. coli and S. aureus at pH 7.2 and also at acidic pH 5.5. The activities varied considerably depending on the different physical and chemical properties of the materials, e.g. their origin, molecular weight, degree of substitution, and solubility. However, the antimicrobial activity of chitosan N-betainates increased with a decreasing degree of substitution in acidic conditions, which suggests that the positive charge has to be situated on the amino group in the chitosan backbone if one wishes to achieve efficient antimicrobial activity. Antimicrobial activity against E. coli increased with decreasing molecular weight whereas activity against S. aureus increased with increasing molecular weight. The antimicrobial activity of chitosan also increases with increasing degree of deacetylation, due to the increasing number of ionisable amino groups. Free amino groups can be mono, di or trimethylated. Prolongation of alkyl chains can also increase the antimicrobial activity [58] . Co-administration of chitosan significantly prevents the antitubercular drugs induced hepatotoxicity. The overall hepatoprotective effect is probably due to a counteraction of free radicals by its antioxidant nature and/or to its ability to inhibit lipid accumulation by its antilipidemic property [59] .
Many research groups are engaged in combination of chitosan and other antibacterial agent. Thus conjugates with tetracycline and carminomycine have completely retained antibacterial activity [60] . The search for new therapeutic alternatives to the tuberculosis treatment by using a very potent drug in a single dose led, to the molecular modification of one of the first row antituberculotics isoniazid (INH) prodrug with prolonged action. Due to its hydrosolubility it can be easily handled and intravenously administrated. The N-methylene phosphonic chitosan was obtained by the reaction of chitosan with phosphorus acid in the presence of formaldehyde. Coupling with INH was carried out in two steps. Firstly, functionalization of the drug with a succinic spacer group was done and activation of the succinyl isoniazid through the cyclic 5-or 6-membered analog gave the hydrosoluble chitosan-isoniazid hemisuccinate prodrug [62] (Fig. 17) .
Alginate/chitosan sponges were prepared by the gelation of sodium alginate followed by lyophilization, which created the porous structure, crosslinking with calcium chloride, and finally coating with chitosan to provide mechanical stability and accelerate the wound healing process. A polyionic complexation occurs between alginate and chitosan because of the polyanionic character of alginate and polycationic character of the chitosan. Sodium alginate was crosslinked with calcium chloride and finally coating with chitosan. This material is used for the treatment of wounds such as severe burns, trauma, diabetic, decubitus and venous stasis ulcers, and similar tissue damages. The healing response of tissues involves a complex interaction between cells, extracellular matrix molecules, and soluble mediators. Additionally, the presence of chitosan in a wound dressing is reported to promote fibroblast growth and affect macrophage activity, which accelerates the wound healing process [63] . Antibacterial agents ciprofloxacin [63] , norfloxacin [64] and gatifloxacin [65] were loaded into this sponge. Some of the effective parameters (i.e., crosslinker concentration, drug content, alginate viscosity, chitosan molecular weight) on the water uptake and drug release rate were evaluated, the antimicrobial activity was increased with increasing ciprofloxacin release rate. This system seems a very promising alternative wound dressing to use in wound/burn dressing applications and wound healing.
When chitosan fibers were treated with AgNO 3 and ZnCl 2 solutions, the silver and zinc ions were chelated by chitosan through the amine groups in the fibers with three different chelate ratios (Fig.  18) . These novel metal ions can be released into the solution when the silver-and zinc-containing fibers are placed in contact with normal saline. Results showed that the silver-containing chitosan fibers have good antimicrobial properties, while the zinc-containing fibers can be used to deliver zinc ions in wound care applications [66] . The complexes showed wide spectrum of effective antimicrobial activities, which were 2-8 times higher than those of chitosan and improved with increasing content of zinc ions. The complexes had a better antibacterial activity than antifungal activity, and showed excellent activity particularly against E. coli and Corynebacteria [67] .
Coating materials with less hazardous and non-toxic properties are highly desirable. Incorporation of chitosan in polyethylene oxide (PEO) generates antimicrobial active films. The chitosan fraction contributes to antimicrobial effect of the films, decreases tendency to spherulitic crystallization of PEO, and enhances puncture and tensile strength of the films, while addition of the PEO results in thinner films with lower water vapor permeability [68] . Consequently, the quaternary ammonium derivative of chitosan was used as a coating binder to the acrylic resin emulsion. Furthermore, hybridized chitosan/acrylic resin films have excellent adsorption ability for formaldehyde [69] .
Antitumor Activity
Antitumor activity of chitosan depends on the molecule size, solubility and partial acetylation. High molecular weight chitosan is inactive, that is why it is important to prepare low molecule weight chitosan. Lowering the molecular weight helps improve solubility in water. Chitinases and chitosanases are natural degradating enzymes capable to hydrolyse chitosan to low molecular weight products [3] . The number of cheaper enzymes as lysozyme [70] , pectinasa [71] , hemicellulasa [72] a papain [73] , were found to catalyze the cleavage of the glycosidic linkage in chitosan. Chitinases have been known to produce by a number of microorganisms for example the chitinases produced by Bacillus amyloliquefaciens V656 were used to hydrolyze chitinous material [74] . Chitooligosaccha- Partially N-acetylated chitosan was hydrolysed with the cheap, commercially available and efficient cellulose [75] . The decrease of molecular weight led to the transformation of crystal structure, alteration of thermostability and increase of watersolubility, without chemical structure change. The total acetylation degree of chitosan was the same before and after degradation. This water-soluble product inhibited the growth of sarcoma180 tumor cells in mice with maximum inhibitory rates of 50% by intraperitoneal injection and 31% by oral administration. The main objective of the research was to elucidate the structural features of low molecular weight/chitooligosaccharides obtained from chitosan (16% N-acetylation) and their effect in inhibiting angiogenesis and inducing apoptosis in Ehrlich ascites tumor (EAT) bearing mice. When injected intraperitoneally into mice, the ascites volume decreased to an extent of over 90% [76] . At the ratio of 0.11 mol of copper per one chitosan residue, the complex exhibited a higher antitumor activity and less toxicity than other copper-chitosan complexes tested. In addition, this study showed that the copper-chitosan complex inhibited tumor cell proliferation by arresting the cell cycle progression at the S phase in 293 cells. The copper complexes interact with DNA, leading to the chemically induced cleavage of DNA and, thus, antitumor activity. The mode of action is probably related to the binding of chitosan and copper, which is likely to leave some potential donor atoms free and these free donor atoms enhance the biological activity. All copper complexes of chitosan inhibited the proliferation of the two tumor cell lines, HeLa and 293 at 10 3 mol/L, but not the normal human lung fibroblast cell line HLF. Compared with HeLa cell lines, the copper complexes of chitosan were found to be more selective to 293 cell lines in this experiment [77] .
In cancer chemotherapy, it is important that the antitumor drugs are delivered to the tumor sites efficiently in order to reduce the severity of side effects. Chitosan has been used as a novel drug delivery system for the well known anticancer drug, camptothecin. Camptothecin is a plant alkaloid that takes effect by inhibiting the enzyme topoisomerase I which is very important for DNA replication. Forming covalent enzyme-DNA complex results in singlestand breaks. Its clinical use has some practical disadvantages mainly due to the scarce water solubility and a number of toxic effects. To overcome these drawbacks, the aggregates of Ocarboxymethylchitosan (OCMCS) were prepared as a biocompatible and amphiphilic controlled release delivery system [78] (Fig.  19) .
Another known drug used for leukemia P388, leukemia L1210 and melanom B16 treatment is mitomycin C. It causes damage of DNA by the same way as alkylating cytostatics. N-Succinylchitosan has excellent characteristics as a drug carrier, with longterm retention in the systemic circulation and low toxicity.Watersoluble macromolecular prodrug of mitomycin C with highly succinylated N-succinyl-chitosan (Fig. 20) was prepared by activation of carboxylic group with water soluble carbodiimide. This water soluble prodrug form has got better posibility of administration [15, 79, 80] .
5-Fluorouracil (5FU) is a pyrimidine analogue belonging to a group of antimetabolites. It has a strong antitumor activity which is accompanied by undesirable side effects. To provide a macromolecular antitumor prodrug with reduced side effects and strong antitumor activity chitosan-5FU conjugates were synhesized. Conjugates attached through a hexamethylene spacer via urea bonds were synthesised. Thus chitosan-urea/C6/urea/5FU conjugate and chitosan-oligosaccharide/urea/C6/urea/5FU conjugates have exhibited stronger growth-inhibitory effect on Meth-A fibrosarcoma and MH-134Y hepatoma. These conjugates act as hybrid macromolecular prodrugs having immuno-and antitumor activities. Water soluble macromolecules are expected to be uptaken into cells by endocytosis or phagocytosis. Tumor cells show a higher degree of uptake efficiency than normal tissue cells. In the lysosomes of tumor cells there is a larger amount of cathepsin B. It was demonstrated that the tetrapeptide spacer Gly-Phe-Leu-Gly facilitates specific drug release in the lysosomal condition. Therefore 5FU was conjugated with the partly acetylated O-carbomethoxychitosan [81] (Fig. 21) . Doxorubicin is one of the prominent clinical anthracycline ring antibiotics with a broad spectrum of antitumor activity. The mechanism of action resides on the inhibition of topoisomerase II enzyme that participates on three dimensional arrangement changes of DNA during its replication. To minimize undesirable side effects, such as cardiotoxicity, low stability, poor water solubility, chitosan alginate multilayer microcapsules were prepared (Fig. 22) . The microcapsules were fabricated by deposition of oppositely charged chitosan and alginate onto carboxylmethyl cellulose doped CaCO 3 colloidal particles [82] . Encapsulation of a drug effectively induces apoptose HepG2 tumor cells.
Cancer immunotherapy relies on the ability of the immune system to destroy tumor cells selectively and to elicit a long-lasting memory of such activity. Interleukin-12 (IL-12) is an immunomodulatory cytokine produced primarily by antigen-presenting Fig. (19) . Campthothecin chitosan aggregate. 
Fig. (20). N-succinyl-chitosan

Antioxidant Activity
Antioxidants are compounds that inhibit or delay an oxidation of cellular oxidizable substrates. Their main role is to help the body to protect itself against the damage, caused by reactive oxygen species (ROS) and degenerative diseases. ROS in a form of superoxide anion (·O 2 -), hydroxyl radical (·OH ) and hydrogen peroxide (H 2 O 2 ) are produced by sunlight, ultraviolet light, ionizing radiation, chemical reactions and metabolic processes which have a wide variety of pathological effects, such as cancer, cardiovascular diseases, diabetes, and atherosclerosis. These radicals are very unstable and react rapidly with other groups or substances in the body, leading to the cell or tissue injury. They exert their abilities against ROS production or activate a battery of detoxifying proteins.
Recently great attention is focused to the antioxidant activity of chitosan. Its antioxidant activity depends on the molecular weight as well as the degree of deacetylation [84] [85] [86] . Low molecular weight partly deacetylated chitosan is possible to consider as a natural antioxidant. Even if the exact mechanism of activity is unknown, it is assumed that amino group and hydroxyl groups bonded on C-2, C-3 and C-6 positions react with unstable free radicals to form more stable macromolecular radicals. This activity probably relates to chelating character of chitosan that leads to restrain lipide oxidation [87] . Chitosan exhibits high inhibition activity on linolenic acid peroxidation, 83.7% activity against hydroxyl radicals [88] .
Xing et al. [89] have found, that all kinds of sulfated chitosans possessed antioxidant activities and free scavenging activites. Thus chitosan and chitosan sulfates with different molecular weight have been reacted with 4-acetamidobenzenesulfonyl chloride to obtain sulfanilamide derivatives of various molecule weight (Fig. 23) . The results have indicated that the sulfanilamide group increased not only water solubility but also antioxidant activity [90] .
Glutathion as the known native antioxidant peptide containing sulfur has inspired preparation of quite a number of sulfur modifications. Heterocyclic segment of 1,3,5-thiadiazine-2-thione substituted by aromate introduced two types of sulfur into the molecule (Fig. 24) . Scavenging activity on hydroxyl radical was more pro- nounced than that of chitosan. 1,3,5-Disubstituted-tetrahydro-2H-1,3,5-thiadiazine-2-thione derivatives can hydrolyze in water solutions, so their chitosan derivatives have SH groups after hydrolyzing that may induce stronger scavenging activity [91] .
To enhance and sustain antioxidant activity, hydrogels composed from chitosan and eugenol were prepared. The allyl groups of eugenol monomer (2-methoxy-4-prop-2-enyl)-phenol) were directly bonded on the amino groups of chitosan using ceric ammonium nitrate (CAN) (Fig. 25) . Scavenging activity increased with the graft yield of eugenol, because phenolic hydroxylic groups could play a major role as potent free-radical terminators. An introduction of bulky side chains leads to a faster thermal decomposition, decreased pH sensitivity and inhibition of initiation or propagation of oxidizing chain reactions [92] .
Partly quarternized chitosan derivatives with gallic acid had much improved superoxide activity [93] . The superoxide anion ·O 2 -is formed in almost all cells and is a major agent in the mechanism of oxygen toxicity. Compared with other oxygen radicals, the superoxide anion has a longer life time, and thus is more dangerous.
In the same way as with antibacterial active chitosan derivatives, increasing antioxidant activity of amino or hydroxyl group of chitosan alkylated by ethyl, dimethylaminoethyl or diethylaminoethyl (Fig. 26 ) also occurs [94] . Antioxidant activity depends on the degree of deacetylation (50 and 90% was used) and on the type of substituted group. The most effective ROS scavenging effect found was 90% deacetylated N-aminoethyl chitosan (AEC90), which had the highest percentage of free amino groups. The results suggested that an amino group is a major factor for free radical scavenging activity; introduction of an amino group on the C-6 position did not cause any effect.
5-Chloro-2-hydroxy-benzaldehyde and 2-hydroxy-5-nitrobenzaldehyde were used for the preparation of a Schiff bases with free amino groups of chitosan and carboxymethylchitosan [95] ( Fig. 27) . Although a free phenolic hydroxyl group was introduced into the molecule, antioxidant activity against the superoxide radical and hydroxyl radical did not increase. This is due to the fact that free amino group is fundamental for activity even if a hydroxyl group in previous derivatives stimulated the activity.
Fig. (26).
Among various reactive oxygen species, hydroxyl radicals have the strongest chemical activity, which can damage a wide range of essential biomolecules such as amino acids, proteins, and DNA. From four forms of chitosan having primary amino group, imino group (Schiff bases), secondary amino group and quarternised ammonium group the last one has shown the highest antioxidant activity against hydroxyl radicals. It was found that high positive charge density increases antioxidant activity [96] .
CONCLUSION
Currently, chitosan has been attracting attention for its unique physico-chemical characters and bioactivities. According to the growing number of recently published scientific articles, it can be deduced, that chitosan is a perspective material of the extensive potential for various applications. Although there exist many scientific studies being engaged in various modifications, a detail RCl mechanism of activity on the molecular level has not yet been discovered. Therefore, future research should be directed towards understanding their molecular level details which may provide an insight into the unrevealed molecular level functions of chitosan and help to accelerate their future applications. 
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